Introduction ther of these factors (Baloh et al., 1998; Worby et al., 1998) . Although there is some controversy about the Glial cell line-derived neurotrophic factor (GDNF) was extent of cross-talk between these receptors and lioriginally isolated based on its ability to promote survival gands based on results from in vitro assays, it appears of midbrain dopaminergic neurons (Lin et al., 1993) ; howthat there is some preferential pairing of GFR␣1 with ever, it is also a potent survival factor for motor neurons GDNF and GFR␣2 with NTN. The expression pattern of (Henderson et al., 1994) and some peripheral neurons these two receptors and Ret is consistent with their role (Buj-Bello et al., 1995; Trupp et al., 1995) . GDNF was in mediating biological responses to GDNF and NTN in the first identified member of a family of neurotrophic vivo. For example, GFR␣1 is coexpressed with Ret in factors, distantly related to the transforming growth facthe developing kidney and in the developing enteric tor ␤ (TGF␤) superfamily, which also includes neurturin nervous system (ENS) (Jing et al., 1996; Treanor et al., (NTN) (Kotzbauer et al., 1996) and persephin (PSP) (Mil-1996) , two sites where mice deficient in GDNF have brandt et al., 1998) . These factors share many activities, major deficits. In addition to the ENS, GFR␣1 is exincluding survival-promoting effects on dopaminergic pressed in a number of other GDNF-responsive neuronal neurons and motor neurons and stimulation of ureteric populations, including midbrain dopaminergic and spibranching in the kidney (Vega et al., 1996; Sainio et al., nal cord motor neurons. It is also expressed in a number 1997; Milbrandt et al., 1998) . They differ, however, in their of peripheral ganglia, including the trigeminal, nodose, ability to support neurons from the peripheral nervous superior cervical, and dorsal root ganglia (Trupp et al., system. For example, while NTN and GDNF promote 1997; Widenfalk et al., 1997) . In many of these locations, survival of enteric (Heuckeroth et al., 1998) , sympathetic GFR␣2 is also expressed, albeit at a lower level; how-(superior cervical), and sensory (trigeminal, nodose, and ever, it is unclear in many instances whether they are expressed in the same cells (Bennett et al., 1998; Naveilhan et al., 1998).
To whom correspondence should be addressed. ϩ RNA from wild-type (ϩ/ϩ) and homozygous GFR␣1 mutant (Ϫ/Ϫ) mice. Poly(A) ϩ RNA (1.5 g) was transferred to nylon membrane and hybridized with 32 P-labeled GFR␣1 cDNA.
In this study, we have used gene targeting to examine and homozygous null, 40 (24%); indicating that there the biological role of the GFR␣1 coreceptor. Mice homowas no significant increase in embryonic lethality of zygous for a null mutation in GFR␣1 show striking abnor-GFR␣1 Ϫ/Ϫ mice. At birth, homozygous mutants were the malities in enteric nervous system and renal developsame size as their wild-type and heterozygous litterment, reminiscent of those observed in both GDNF-and mates, responded to tail pinch, and nursed normally; Ret-deficient mice. An examination of the central nerhowever, all GFR␣1 null mice died within 24 hr of birth. vous system failed to show any obvious abnormalities;
The absence of GFR␣1 expression in homozygous null in particular, there appear to be no deficits in midbrain mice was confirmed by probing RNA blots containing dopaminergic or motor neurons. In the peripheral nerwild-type and GFR␣1 Ϫ/Ϫ brain poly(A) ϩ RNA with 32 Pvous system, attention was focused on the superior labeled GFR␣1 cDNA ( Figure 1C ). cervical and petrosal-nodose ganglia, which are severely affected in Ret-and GDNF-deficient mice; howEnteric Nervous System Deficits ever, little or no changes in neuronal number or neuronal in GFR␣1 Ϫ/Ϫ Mice morphology were detected. These results strongly sugDissection of newborn GFR␣1 Ϫ/Ϫ revealed that many of gest that a preferential pairing of GDNF and GFR␣1 them had milk in the esophagus (which is not seen in exists in the enteric nervous system and kidney. Howwild-type animals) and little milk beyond the proximal ever, in peripheral ganglia, GDNF must be able to signal small bowel. Given the absence of enteric neurons bethrough alternative coreceptors, presumably GFR␣2, as yond the stomach in both the Ret-and GDNF-deficient lack of GFR␣1 does not affect survival of neurons in animals, it seemed likely that these observations rethese ganglia.
flected defects in the enteric nervous system (ENS) of GFR␣1-deficient mice. Microscopic analysis and immuResults nohistochemistry with antibodies specific for neuronspecific enolase (NSE) demonstrated that enteric gan-GFR␣1 Ϫ/Ϫ Mice Die Early Postnatally glion cells were present in the esophagus and stomach Using homologous recombination, we generated ES cell but not in the small or large bowel of GFR␣1-deficient clones in which the first two coding exons of one of the animals (Figures 2A-2D ). Enteric neurons also express GFR␣1 alleles were deleted ( Figure 1A) . The targeting the Ret tyrosine kinase, and consistent with the absence construct contained a neomycin resistance cassette, a of these neurons in GFR␣1 Ϫ/Ϫ animals, no Ret-expressdiphtheria toxin gene (for negative selection), and 9.6 ing ganglion cells were observed in the small or large and 1.6 kb GFR␣1 fragments. Ten of 250 ES cell clones bowel of the mutant mice ( Figures 2E and 2F ). harbored a properly targeted GFR␣1 allele as assessed To more readily visualize the extent of the ENS defects by Southern analysis. Three of these clones were used in the GFR␣1 Ϫ/Ϫ mutants, we examined the bowel of to generate chimeric mice, and germline transmission newborn mice using whole-mount acetylcholinesterase of the mutant allele was achieved for each clone (Figure (AChE) histochemistry, which stains cell bodies and 1B). The three independently generated mouse lines nerve fibers. AChE staining of the esophagus revealed yielded an identical phenotype. All mice heterozygous no obvious differences between wild-type and GFR␣1-for the mutant GFR␣1 allele appeared healthy and grew deficient animals; however, the stomach of GFR␣1 Abbreviations: E, esophagus; S, stomach; D, duodenum; TI, terminal and small intestine, which are absent from the GFR␣1 Ϫ/Ϫ bowel. ileum. Scale bars, 50 m for (A) and (B); 200 m for (C) and (D); 100 m for (E) and (F). Abbreviations: S, stomach; E, esophagus. (Schuchardt et al., 1994) . Since GFR␣1 cooperates with Ret in mediating GDNF signaling and it is also expressed ganglion cells were clearly visible in the stomach of the in developing ureteric bud epithelia, we examined the GFR␣1-deficient mice, they were dramatically reduced excretory system of the GFR␣1 Ϫ/Ϫ mice. We found that in number. Occasional neurons were also observed in newborn GFR␣1 Ϫ/Ϫ mice invariably have agenesis or the proximal duodenum (within a few millimeters of the dysgenesis of the kidneys as well as empty bladders pylorus) of GFR␣1 Ϫ/Ϫ mutants, but no AChE staining was with a thickened wall ( Figures 4A-4E ). While most of detected in the remainder of the small bowel. AChE the homozygous GFR␣1 null mice lacked both kidneys, staining of wild-type terminal ileum and colon demonsome had evidence of unilateral or bilateral renal dysstrated a rich plexus of interconnected ganglion cells genesis (Table 1 ). The frequency of agenesis versus ( Figures 3C and 3E ). However, in GFR␣1-deficient mice, dysgenesis was similar to that observed for Ret-defino ganglion cells were visible, although large nerve ficient mice (Schuchardt et al., 1994) . All of the rudimenbers extending proximally from the distal colon were tary kidneys had ureters entering the mesenchyme. In apparent ( Figures 3D and 3F ). The presence of these two mice lacking kidneys, we observed blind ureters large nerve trunks in the absence of cell bodies suggests ending in the pelvis. We also searched for renal abnorthat these fibers arise from extrinsic innervation of the malities in GFR␣1 heterozygotes, but all of the mice gut. The presence of enteric neurons in the foregut, examined (n ϭ 59) had two kidneys indistinguishable but not in the midgut or hindgut, is reminiscent of the from those in wild-type animals. This is similar to that phenotypes of both Ret-and GDNF-deficient mice, indireported for Ret ϩ/Ϫ mice (Schuchardt et al., 1994) but in cating that there is stringent pairing between GFR␣1 sharp contrast to that observed in GDNF ϩ/Ϫ mice, where and GDNF in the developing ENS.
up to 30% of heterozygotes had kidney abnormalities (Sanchez et al., 1996) . The adrenal glands and compoRenal Agenesis in GFR␣1 Ϫ/Ϫ Mice nents of the urogenital system including the testes, vas Development of the metanephric kidney is dependent deferens, ovaries, oviducts, and uteri appeared macroon reciprocal interactions between the ureteric bud and scopically normal ( Figures 4C-4E ). Histological analysis the metanephric mesenchyme (Vainio and Muller, 1997) .
of the kidney rudiment showed severe dysplasia, with GDNF is highly expressed in the mesenchyme and disorganized distribution of small numbers of nephron GDNF Ϫ/Ϫ mice display lack of ureteric bud branching, components, including the proximal and distal convoindicating that GDNF mediates a crucial inductive event luted tubules, glomeruli, and blood vessels ( Figure 4F ). in the development of the ureteric bud (Pichel et al., Although the number of nephrons was small, the exis-1996; Sainio et al., 1997) . Ret-deficient mice also demontence of renal units that derive from the metanephric strate renal agenesis, suggesting that this receptor meblastema suggests that the mesenchyme retains the ability to differentiate. diates signals important for ureteric bud development 
Populations of CNS and PNS Neurons That Express GFR␣1 Survive in GFR␣1
Ϫ/Ϫ Mice GFR␣1 is highly expressed in many regions of the central nervous system (Trupp et al., 1997; Widenfalk et al., 1997; Golden et al., 1998; Yu et al., 1998) . Of particular interest is its high expression in the tyrosine hydroxylase-positive (TH ϩ ) neurons of the substantia nigra and in spinal cord ␣-motor neurons. Because GFR␣1 is capable of mediating both GDNF and NTN signals in vitro, and these factors are both potent survival-promoting agents for midbrain dopaminergic and motor neurons, reduction in neuron number in GDNF Ϫ/Ϫ mice (Moore et al., 1996) ; and (2) petrosal-nodose ganglia, which have decreased neuronal numbers (40%) in GDNF Ϫ/Ϫ mice In embryonic day 11.5 (E11.5) wild-type embryos, the ureteric bud, expressing high levels of Ret, has entered (Moore et al., 1996) . The superior cervical ganglia in GFR␣1 Ϫ/Ϫ mice apthe metanephric mesenchyme ( Figures 4G and 4I) . However, formation of and/or penetration by the ureteric bud peared histologically normal and of equivalent size to those in wild-type mice ( Figures 6A and 6B ). To confirm was disrupted in GFR␣1 Ϫ/Ϫ mutants, which led to a failure of mesenchymal tissue condensation (Figures 4H and this visual impression, we quantified several aspects of ganglion histology in wild-type versus mutant mice. 4J). The striking similarity of the kidney defects in GFR␣1 Ϫ/Ϫ mutants to those described for both Ret-and Ganglion volumes were similar (wild type, 33.4 Ϯ 7. 
GFR␣1
Ϫ 
05). To further assess the SCG in GFR␣1
Ϫ/Ϫ mice, the innervation pattern of the SCG sympathetic neurons was examined using TH antibodies Discussion to stain facial blood vessels. We found that TH immunoreactivity was equivalent in wild-type and GFR␣1
Ϫ/Ϫ
Cell culture studies have strongly suggested that GPImice, suggesting that the sympathetic innervation of linked members of the GFR␣ family are required for these structures was relatively normal in these mutant binding and signaling of GDNF family members through mice ( Figures 6C and 6D) . The petrosal-nodose ganglia the Ret receptor tyrosine kinase. However, these in vitro of wild-type animals and GFR␣1 mutants were also of studies have left unresolved the requirement for a particsimilar size (wild type, 21.3 Ϯ 3.4 ϫ 10 6 m 3 ; GFR␣1 Ϫ/Ϫ , ular member of the GFR␣ family in mediating the actions 19.3 Ϯ 3.6 ϫ 10 6 m 3 ). Profile numbers showed no differof specific GDNF family ligands in vivo. This issue is ence (wild type, 5,612 Ϯ 743; GFR␣1 Ϫ/Ϫ , 5,233 Ϯ 1,179; particularly important because in vitro studies have p Ͼ 0.05).
demonstrated that GDNF can act either through GFR␣1 These data indicate that the GFR␣1 coreceptor is not or GFR␣2 to induce Ret tyrosine phosphorylation (Baloh required for survival in neurons of the SCG and nodose et al., 1997; Jing et al., 1997; Sanicola et al., 1997; Suvanto et al., 1997) . Evidence in vitro suggests that GDNF is the preferred ligand for GFR␣1, but the extent to which GFR␣1 is required for the actions of GDNF in vivo is unknown, as GDNF could potentially act through either GFR␣1 or other members of the GFR␣ family.
To assess the physiological significance of GFR␣1 in GDNF-induced Ret signaling, we have compared the deficits of mice lacking this coreceptor to mice lacking GDNF or Ret.
GFR␣1 Is Required for GDNF Regulation of Enteric Neuron and Kidney Development
Previous studies have established the absolute requirement for GDNF and Ret in the development of the enteric nervous system and kidneys. We have shown here that GFR␣1 is also essential for the development of these enteric neurons remain in the proximal gut (stomach and esophagus). Although GFR␣2 is present in the deto have no significant CNS abnormalities. Thus, even veloping gut (Widenfalk et al., 1997) and neurturin can though these populations express Ret and GFR␣1, and support survival and proliferation of developing enteric can be supported by GDNF in vitro and protected from neurons in vitro (Heuckeroth et al., 1998 ), there appears injury by GDNF in vivo, GDNF signaling is not required to be a stringent pairing during development that prefor their development and survival in vivo. In agreement vents neurturin or GFR␣2 from substituting for GDNF with this lack of developmental dependence on GDNF or GFR␣1. This presumably reflects differences in the for CNS neuronal survival, the GFR␣1 Ϫ/Ϫ mice reported temporal and spatial expression patterns for GDNF famhere have apparently normal numbers and morphology ily ligands as well as GFR␣ family members. This does of neurons in the substantia nigra and in the facial, hyponot, however, exclude the possibility that GFR␣2 can glossal, and lumbar motor pools. The lack of an obvious mediate physiological responses to GDNF in the ENS.
developmental deficit in these central neuronal populaAn interesting feature of the gut innervation in the tions in GDNF Ϫ/Ϫ and GFR␣1 Ϫ/Ϫ mice concurs with the GFR␣1 animals, not previously reported in GDNF-or general hypothesis that central neurons are not solely Ret-deficient animals, is the presence of large fascicles dependent on one trophic factor for survival but rather of cholinesterase-positive axons traversing the colon.
are influenced and supported by multiple trophic factors These large nerve fibers are similar to those seen in simultaneously during development (Snider, 1994) . the aganglionic bowel of humans with Hirschsprung's In contrast to the very similar phenotypes of GFR␣1-, disease (intestinal aganglionosis). These fibers presumRet-, and GDNF-deficient mice in the ENS, the phenoably originate in the sacral preganglionic neurons that types in the peripheral ganglia, particularly the SCG, are usually innervate this region of the gut, as has been surprisingly different. In GDNF-deficient mice, substanshown for similar fibers in the lethal spotted mouse (Paytial neuronal losses occur in the superior cervical (35%) ette et al., 1987). These fibers are not apparent in wildand nodose (40%) ganglia, whereas other peripheral type animals because they have defasciculated to innerganglia examined have only minor losses. Intriguingly, vate the enteric ganglion cells. In GFR␣1 Ϫ/Ϫ mice, which with regards to the SCG, there appears to be a striking lack the appropriate postsynaptic target cells, these axdifference between Ret-and GDNF-deficient mice. In ons apparently do not receive the signals that normally the Ret mutants, the superior cervical ganglion is virtutrigger defasciculation.
ally absent, suggesting an absolute requirement of deThe deficits in renal development observed in GFR␣1 Ϫ/Ϫ veloping SCG neurons for Ret signaling. This is clearly mice closely resemble those found in Ret Ϫ/Ϫ mice. For different from that of the GFR␣1 Ϫ/Ϫ mice, in which the instance, both mutants display a similar distribution of SCG and sympathetic target innervation are apparently bilateral versus unilateral renal agenesis and dysgenenormal. The most likely explanation for these observasis. In addition, all of the GFR␣1 and Ret heterozygotes tions is that Ret-dependent effects on SCG development have two normal kidneys, in contrast to GDNF ϩ/Ϫ mice, are mediated by GDNF and/or neurturin acting via anin which up to 30% have only one normal kidney. This is other GFR␣ family member, presumably GFR␣2. Of analogous to observations in the nervous system where course, we cannot exclude the possibility that these limiting quantities of trophic factors fine tune target indifferences could be related to differences in genetic nervation (the neurotrophic hypothesis). It is surprising background or in counting methodology. that kidney development is also governed by factors in In summary, we have shown that GFR␣1, like Ret, is limiting quantities, where instead of fine tuning an allabsolutely required for mediating the effects of GDNF or-none inductive signal for organogenesis is required. during renal and enteric nervous system development. Importantly, GFR␣1 is coexpressed with Ret in the deIn contrast, even though GDNF and NTN signaling veloping ureteric bud, whereas GDNF is expressed in through Ret-GFR␣ complexes promotes the survival of the developing mesenchyme. Conversely, NTN is exa variety of CNS and PNS neurons in vitro, it appears pressed in the ureteric bud and GFR␣2 is expressed in that GFR␣1 function is not essential for the development the mesenchyme of the developing kidney; their actions of many of these neurons in vivo. Perhaps this reflects are obviously insufficient to overcome the lack of GFR␣1 a requirement for GDNF family ligands by mature rather (or GDNF) in supporting normal kidney development than developing neurons. Future studies to examine al- (Widenfalk et al., 1997) . These results indicate that ternative functions of these factors in mature neurons, GDNF, a mesenchymal inducer of ureteric bud developfor example a determination of their role in regulating ment, signals through a Ret-GFR␣1 receptor complex, and/or maintaining a differentiated neuronal phenotype, defining yet another situation where stringent pairing will be required to address these issues. between GFR␣1 and GDNF exists. Thus, kidney development serves as an example of how physiologic pairing is exquisitely dependent on correct spatial and temporal
Experimental Procedures
patterns of expression.
Generation of a Targeted Mutation in GFR␣1
Requirement of GFR␣1 for Development of CNS to the PGK-neo cassette. A 1.6 kb EcoRV/HindIII fragment, which cell size analysis. The areas of profiles were then calculated using NIH image version 1.61. extends from intron 2 to intron 3, was cloned 3Ј of the PGK-neo cassette. The targeting vector thus replaces the first and second exons of GFR␣1 with foreign sequences. Acknowledgments The linearized targeting construct was electroporated into the 129/SvJ embryonic stem (ES) cell line RW4 (obtained from ES Cell
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